as described (14) . Selection of stable 293 cell clones carrying the EBV recombinant 144 plasmid was performed using hygromycin (100 µg/ml). The gfp-positive cell clone 145 that delivered the highest viral titres is referred to as 293/∆BFLF2 in this work. To 146 confirm the integrity of the viral genome in the 293/∆BFLF2 cells, circular DNA 147 molecules were extracted from 293/∆BFLF2 cells and retransformed in E.coli DH10B 148 using a denaturation-renaturation method as described (10) . 149 150
Quantitative PCR-mediated DNA amplification 151
Virus genome equivalents present in supernatants from lytically induced cells or the 152 number of viruses bound to purified B cells was assessed by quantitative real time 153 PCR (qPCR) using BALF5-specific probe and primers as described previously (6). 154
155

Virus induction and infection of target cells 156
293/EBV-wt and 293/∆BFLF2 cells were transfected in six-well cluster plates with 157 expression plasmids encoding the BZLF1 and the BALF4 genes (0.5 µg each/well) 158 using lipid micelles (Metafectene, Biontex) to induce lytic replication. In some 159 experiments 0.5 µg of the BFLF2 expression plasmid was added to the transfection 160 mix (293/∆BFLF2 complemented with BFLF2 are denoted 293/∆BFLF2-C). Three 161 days after transfection, virus supernatants were harvested and filtered through a 0.45 162 µm filter. Functional viral titers were determined via GFP expression of infected Raji 163
cells. To this aim, 10
4 Raji cells were infected in 96-well cluster plates with a serial 164 dilution of defined virus stocks and scored for GFP expression three days after 165 infection by UV microscopy. 'Green Raji units' per ml were calculated as a measure 166 of the concentration of infectious particles in virus stocks. Primary B cells were 167 infected at a multiplicity of infection (MOI) of 10 genome equivalents per cell and 168 well, γ-irradiated human embryonic lung fibroblasts served as feeder layer. 170
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Electron microscopy 172
Cells were washed three times in PBS and cell pellets fixed with 2.5% glutaraldehyde 173 in the same buffer for 20 min at 4°C. Virus supernatant (5ml) was ultracentrifuged for 174 2 h at 30,000 x g and pellet was fixed with glutaradehyde. Samples were postfixed in 175 2% osmium tetroxide in cacodylate buffer for 2h at 4°C, stained with 0.5 % uranyl 176 acetate for 16 h at 4°C, washed twice in distilled water, dehydrated in ethanol, and 177 embedded in Epon 812. Thin sections were examined with a Zeiss electron 178
microscope. 179
Gardella gel electrophoresis and Southern blot analysis 181
Preparation of genomic DNA, Gardella gel electrophoresis and Southern blot 182 analysis was performed as previously described (14) . Gardella gel electrophoresis 183 followed by Southern blotting was used either to detect viral DNA in replicating cells 184 or in cell-free virus supernatants. Following electrophoresis, the gel was blotted onto 185 a Hybond XL membrane (Amersham Biosciences) and hybridised with a radioactively 186 labelled plasmid encompassing EBV specific sequences. 187
188
RNA isolation and Northern blot analysis 189
Total RNA was isolated from lytically induced cells using an RNA isolation kit 190 
EBV binding assay 196
To assess EBV binding to target cells, EBV-wt, ∆BFLF2 or ∆BFLF2-C containing 197 supernatant was mixed either at a MOI of 10 virus genome equivalents per cell or at 198 equal volumes (1ml) with purified B cells. After a three-hour incubation on ice, cells 199
were washed three times in PBS after which they were analysed by several methods 200 including immunostaining (in which case they were dried on glass slides), Gardella 201 gel analysis, electron microscopy or quantitative real time PCR after DNA extraction 202 as described previously (6). 203
204
Immunostaining 205
Cells were washed three times in PBS and fixed on glass slides using acetone-206 methanol (1:1, vol/vol) (for BFRF1 stain) or acetone (for gp350 stain). Slides were 207 incubated with rabbit polyclonal anti-BFRF1 (1:500) or mouse anti-gp350/220 208 antibody (ATCC 72A1) for 30 min, washed three times with PBS, followed by 209 incubation with a secondary Texas Red-conjugated goat anti-rabbit IgG (Jackson) or 210
Cy3-coupled anti-mouse antibody (Dianova) for 30 min. After several washes, 211 BFRF1-stained cells were incubated with 1µg per ml of DAPI (4',6'-diamidino-2-212 phenylindole) and coverslips were mounted face down in Mowiol (Calbiochem) 213 whereas gp350-stained cells were embedded in 90% glycerol. Gp350 214 immunostaining was viewed with a digital fluorescence microscope (Leica) and
Western blot analysis 218
Test cells were collected by centrifugation, washed, resuspended in PBS, and lysed 219 by sonication. Virus pellets, obtained after ultracentrifugation of 5 ml virus 220 supernatant for 2 h at 30,000 x g, or 20 µg of cellular proteins were denatured in 221
Laemmli buffer for 5 minutes at 95°C, separated on a 10% SDS-polyacrylamide gel 222 and electroblotted onto a nitrocellulose membrane (Schleicher&Schuell). After 223 preincubation in 5% milk powder in 0.1% Tween in PBS, blots were incubated either 224 with a monoclonal serum against BFLF2 (clone C1, 1:50), BFRF1 (1:1000), BNRF1 225
(1:10000) or actin (1:10000, Sigma) for 1 h at room temperature. After several 226 washings in 0.1% Tween in PBS, blots were incubated for one hour with horseradish 227 peroxidase-conjugated secondary antibody (Pierce). After three further washings, 228 bound antibody was visualized using an ECL detection reagent (Roche). showing that perinuclear localization of BFRF1 was not obviously dependent on 286 BFLF2 in 293 cells (Fig. 1D) . 287
288
The BFLF2 protein has no influence on lytic DNA replication 289
Production of mature virions is a complex process during which viral DNA is 290 amplified, excised to form monomeric genomes and packaged into an assembled 291 capsid. The infectious particle is then transported from the nucleus to the cytoplasm 292 where further maturation steps take place (23). We first assayed viral DNA replication 293 by submitting induced cells to a Gardella gel analysis that allows visualization of 294 newly replicated monomeric linear genomes ( Fig. 2A) . No significant differences 295 between 293/∆BFLF2, 293/∆BFLF2-C and 293/EBV-wt could be noted. These 296 findings show that the early gene BFLF2 has no influence on DNA replication or on 297 production of monomeric linear genomes. Further evidence for cleavage of newly 298 replicated genomes was provided by the results of a Southern blot analysis using a 299 probe specific to the EBV terminal repeats (TR). This experiment indeed showed the 300 characteristic ladder produced by newly replicated genomes that contain variable 301 numbers of TR ( (Table 1) . Similar results were obtained after Gardella gel 319 electrophoresis of pelleted supernatants followed by Southern blotting with an EBV-320 specific probe. ∆BFLF2 virus stocks hardly contained any linear genomes in contrast 321 to their complemented counterparts or wild type virus (Fig. 2C) . These results 322 evidenced a reduction in the concentration of virions containing properly packaged 323 DNA in supernatants from induced 293/∆BFLF2 cells but did not exclude that they 324 contained virions devoid of viral DNA. A first clue that this could actually be the case 325 was provided by a western blot analysis of pelleted ∆BFLF2, ∆BFLF2-C and EBV-wt 326 viruses using an antibody specific to the BNRF1 tegument protein (Fig. 2D ). This 327 assay displayed signals of identical intensity in all analyzed pellets, suggesting that 328 all three types of supernatants contained similar amounts of viral proteins. We gained 329
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on July 14, 2017 by guest http://jvi.asm.org/ Downloaded from further support for this hypothesis by evaluating viral binding to resting B cells using 330 ∆BFLF2, ∆BFLF2-C and EBV-wt virus stocks. We performed these experiments 331 either using identical volumes of viral supernatants, knowing that the virus titers, as 332 assessed by qPCR, were different, or at a MOI of 10 genome equivalents per cell. 333
We first immunostained these B cells with an antibody specific to the major envelope 334 glycoprotein gp350/220. All three virus stocks indeed contained viral structures with 335 the ability to bind to B cells as evidenced by the observation of bright signals at the 336 surface of the target cells in all tested samples (Fig. 2E ). This type of assay does not 337 allow precise quantitation of the number of particles bound but nevertheless showed 338 that identical volumes of supernatant roughly gave rise to a similar number of signals 339 at the cell surface. Exposure of cells to the same number of genome equivalents 340 yielded a stronger signal with ∆BFLF2 viruses than with ∆BFLF2-C or EBV-wt, 341
suggesting that ∆BFLF2 contained more virions than ∆BFLF2-C and EBV-wt at the 342 (Fig. 2F) . Finally, we directly examined B cells after exposure to ∆BFLF2 supernatants using 366 electron microscopy and could identify rare bound virus-like particles (VLP) 367 containing a capsid at the surface of B cells, all of which appeared to be devoid of 368 DNA as evidenced by the lack of an electron-dense inner core (Fig. 2G) . However, 369 viral structures containing tegument-like material were readily identified either at the 370 surface of the target cells or in already internalized cellular vesicles. As expected, 371 complete virions bound to B cells could be readily seen at the surface of B cells 372 exposed to supernatants from induced 293/∆BFLF2-C cells (Fig. 2G) . Negative 373 stains are integral part of the panoply used for the study of virus morphology but this 374 technique is inefficient with viruses such as EBV that produce low virus titres. We 375 therefore embedded pelleted virions from induced 293/∆BFLF2 and 293/∆BFLF2-C 376 supernatants and looked at sections from this material in electron microscopy. The 377 results of this analysis are summarized in Table 2 13, 22, 29) . In addition, we detected rare VLP. 384
The distribution of L particles, VLP and mature particles in ∆BFLF2 pellets was about 385 88%, 9%, and 3%, respectively (Table 2) . 386
387
BFLF2 is important both for nuclear eggress and DNA packaging 388
The set of data accumulated thus far suggested that the ∆BFLF2 mutant was 389 defective with regard to virus production. This prompted us to monitor the different 390 steps of virus maturation at the single cell level using electron microscopy. Two major 391 differences between induced 293/∆BFLF2 and 293/EBV-wt cells could be pinpointed. 392
First, numerous A and B capsids but only few mature C capsids were visible in the 393 nucleus of induced 293/∆BFLF2 cells, which contrasts with the picture seen in 394 293/EBV-wt or 293/∆BFLF2-C cells in which all three capsid types were readily 395 identified ( Fig. 3B and data not shown) . A summary of the observations performed on 396 one hundred replicating cells from each induced cell line is presented in Table 3 . 397
Second, capsids were nearly exclusively detected in the nucleus of induced 398 293/∆BFLF2 cells. Only a few particles containing capsids were found in the 399 cytoplasm and only a single enveloped yet empty particle could be identified in the 400 extra-cellular milieu near the cell surface after examination of one hundred induced 401 293/∆BFLF2 cells (Fig. 3B, left as evidenced by a rearranged BFLF2 locus (Fig. 4) . This set of experiments therefore 426 provided definite evidence that BFLF2 is dispensable for primary B cell infection and 427 transformation. role to BFLF2 in primary egress and suggest that BFLF2 shares common functions 467 with UL31 (9, 18). However, they also identified an additional role for BFLF2 as a 468 member of the group of proteins directly or indirectly required for viral DNA 469 packaging. This phenotypic trait is not shared with the ∆BFRF1 mutant that does not 470
show any alteration of the packaging process (5). A role of BFLF2 during DNA 471 packaging would fit with the previously described diffuse nuclear localization of 472 BFLF2 prior to its interaction with BFRF1 (9, 18). One model for primary egress 473 posited that UL31 is a primary tegument protein that interacts with the viral capsid 474 (24). A variation on this model could be conceived for EBV in which BFLF2, as part of 475 the tegument, could interact with proteins responsible for DNA packaging but would 476 also mediate contact between the capsid and the inner nuclear membrane through its 477 interactions with BFRF1. In this respect, it is interesting to note that, whereas 478
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on July 14, 2017 by guest http://jvi.asm.org/ Downloaded from ∆BFRF1 capsids were mostly aligned along the nuclear membrane (5, 9), ∆BFLF2 479 capsids were homogeneously distributed throughout the nucleus, suggesting that 480 migration of the capsids towards the nuclear membrane before primary egress was 481 impaired. We consider it unlikely that impaired intra-nuclear migration and primary 482 egress were a direct consequence of improper viral DNA packaging. Indeed, 483 induction of the lytic cycle in an EBV mutant devoid of packaging signals (∆TR) is 484 followed by the production of large amounts of virus-like particles containing capsids 485 devoid of DNA in the extra-cellular milieu, thereby showing that both functions are 486 largely independent (7). In all probability, BFLF2 therefore cannot considered to be 487 The 293/∆BFLF2 mutant also afforded us an opportunity to further study the interplay 545 between BFLF2 and BFRF1 in the context of a replication-competent genome. Both 546 BFRF1 production and intracellular localization were unaltered by BFLF2's absence. 547
These results differ from those previously reported using CV1 cells transfected with 548 BFLF2 and BFRF1 expression plasmids in which BFRF1 alone was diffusely found in 549 the cytoplasm and the perinuclear region but was retargeted to the nuclear rim 550 following BFLF2 introduction (18). These differences might stem from different 551 Comparisons between the UL31 and BFLF2 proteins more generally illustrate how 557 positional homologs diverged during evolution to fulfil related but distinct functions. 558
Further analysis of EBV maturation pathways is likely to reveal more differences 559 between alpha-and gammaherpesviruses. 
